OBJECTIVE: To-examine the interrelationship of circulating leptin concentrations, basal metabolic rates (BMR) and respiratory quotients (RQ) in young and older adults. DESIGN: Cross sectional study. SUBJECTS: Seventy-six Australian men and women, 48 young (`35 y) and 28 older ( ! 50 y). MEASUREMENTS: Fasting plasma leptin concentrations by RIA, BMR and RQ by indirect calorimetry, percentage body fat (BF%), fat mass (FM) and fat-free mass (FFM) from total body water (TBW) based on deuterium dilution, waist and hip circumferences from anthropometry. RESULTS: Older subjects had signi®cantly higher BF%, FM and waist-to-hip ratio (WHR), but signi®cantly lower FFM and absolute BMR as compared to younger subjects. Absolute leptin concentrations were 60% higher in older subjects but did not achieve statistical signi®cance. There was, however, a signi®cant genderÂ age group interaction in leptin concentrations. This was re¯ected in a signi®cant inverse relationship between age group and leptin in women when data was controlled for waist circumference (r À0.38, P 0.028), or FM (r À0.36, P 0.042). A similar relationship was not observed in men on controlling for BF% or FM. Log transformed plasma leptin was best explained by a model that included BF%, gender, age-group, gender Âage-group and WHR r 0.75, adjusted r 2 0.56, standard error of estimate (SEE) 0.73 ngaml). BMR was best explained by FFM, FM and age group r 0.94, adjusted r 2 0.87; SEE 429 kJaday). On controlling for BF%, WHR and FFM, leptin was negatively related to RQ only in older men (r À0.67, P 0.033). There was no relationship of leptin to BMR in the groups studied. CONCLUSION: The study demonstrates an age-related modi®cation of the gender bias in leptin, and a gender-speci®c inverse relationship between leptin and RQ in older people. The decline in leptin and the lack of a relationship between RQ and leptin in older women may indicate an increased risk of weight gain relative to older men.
Introduction
In Western societies ageing is associated with a progressive increase in body fat mass (FM) with a loss of fat-free mass (FFM), particularly skeletal muscle mass. Adults in these societies typically double their body fat between the ages of 20 and 60 y, 1,2 even in those whose weight remains relatively constant. This is re¯ected in the observations that more than half of Australians aged 50 y and over are overweight or obese. 3 The underlying reasons for the age-related increase in fat mass are not well understood. 4 Potential contributors to this change could include a relatively lower basal metabolic rate (BMR), 5, 6 a relatively higher respiratory quotient (RQ), 7 ± 9 reduced levels of physical activity, 6 and possibly the inability to increase fat oxidation in response to high-fat diets. 10 The discovery of leptin 11 has initiated a renewed interest in the regulation of body weight and body composition, since leptin is regarded as a key metabolic signal controlling both energy intake and energy expenditure (EE). There is evidence of an inverse relationship between age and leptin concentration in some 12, 13 but not all studies. 14, 15 Recently Baumgartner et al 16 have shown a non-signi®cant inverse relationship between leptin and age in women, but a signi®cant positive association in men. The latter results suggest that ageing reduces the gender bias in leptin. Overall it would appear that the evidence linking leptin to the age-related increases in body fat is inconclusive.
A reduced rate of EE could also contribute to the age-related increase in body fat. Older individuals have a lower BMR compared to young individuals, after accounting for changes in body composition. 17 ± 19 This reduction in BMR persists even after adjusting for variations in the composition of FFM per se. 17 Older subjects have signi®cantly higher fasting RQ compared with the young 8 and older women a higher fasting RQ compared with older men. 20 In addition, it has been suggested that older women could have a limited capacity for fat oxidation when presented with a meal challenge. 10 Given the established role of leptin in the energy metabolism of animals 21, 22 and emerging evidence in humans, 23 ± 25 it was important to examine whether differences in EE and plasma leptin, as well as their possible interrelationship, could play a role in the gain of body fat with age.
This cross-sectional study in young and older Australians of European ancestry has hence addressed the following questions: (i) do older individuals have lower plasma leptin concentrations? (ii) is this linked to the expected age-related changes in BMR and RQ? The study documents a reduction in the gender bias of circulating leptin in older individuals, with a signi®cant inverse association between postabsorptive RQ and leptin only in older men.
Methods

Experimental design
The study was cross-sectional in design. BMR was measured by indirect calorimetry and body composition was obtained from estimates of total body water (TBW), in all subjects.
Subjects
Seventy-six apparently healthy subjects were studied. They were participants of studies on energy expenditure in young and older Australians and results have been reported, in part, previously. 17 Subjects were recruited by advertisement in the local media and by personal approach. All were of European descent and resident in Melbourne, Australia. They were aged either between 18 and 35 y, or were over 50 y. Young women did not use oral contraceptive agents and older women were not on hormone replacement therapy (HRT). Inclusion criteria were: (i) absence of clinical signs or symptoms of chronic disease; (ii) no history of body weight¯uctuation for preceding 6 months; (iii) not on medication known to affect metabolic rate or body composition. All subjects gave written informed consent to participate in the study. Deakin University's Ethics Committee approved the experimental protocol, and all measurements were made in the clinical rooms of the School of Nutrition and Public Health, at the Toorak Campus of Deakin University, in Melbourne, Australia.
Basal metabolic rate
The basal metabolic rate (BMR) was measured by indirect calorimetry using a Deltatrac II (Datex Instrumentarium Co, Finland), an open-circuit ventilated canopy measurement system. The Deltatrac was calibrated using a gas mixture of oxygen (95%) and carbon dioxide (5%) (Datex, Finland) each morning prior to the BMR measurements. Air-¯ow rates through the canopy (46.5 lamin) were checked by means of ethanol burning tests as described by the manufacturer and were conducted once each month, during the months of data collection. Performance of the Deltatrac was also checked by monitoring the ratio of carbon dioxide produced to oxygen consumed, during the ethanol burns. The mean ( AE s.d.) ratio for the last 15 min of the tests was 0.66 ( AE 0.02), which was within the manufacturer's recommended range of 0.64 ± 0.69.
The measurement of BMR was conducted under standardized conditions each morning. Subjects were transported to the laboratory on the morning (7 am) of the appointed day. On arriving they were asked to empty their bladder, and then asked to lie down for a mandatory 30 min rest period. All BMRs were measured with subjects lying supine; (a) at complete physical rest, with no strenuous exercise for at least 36 h prior to measurement; (b) in a thermally neutral environment; (c) 12 ± 14 h after their last meal and a minimum of 8 h of sleep; (d) awake and emotionally undisturbed; and (e) without disease and fever. We have earlier shown that such a protocol yields a BMR not signi®cantly different from that obtained immediately on waking, following an overnight stay in the laboratory. 26 Anthropometric measurements were made following the BMR measurements. In seven subjects measurements were repeated under similar conditions on three separate occasions, 2 ± 4 weeks apart. The intra-individual coef®cient of variation was 2.9%, 2.1% and 0.9% for BMR, RQ and body weight, respectively, values similar to published ®gures. 27 
Anthropometry
Standing height was measured using a stadiometer ®xed to the wall and recorded to the nearest 0.1 cm. Body weight was measured immediately after voiding, with subjects wearing a light hospital gown and no shoes, on a beam balance and recorded to the nearest 100 g. Mid-arm, waist and hip circumferences were measured as described by Callaway et al. 28 
Body composition
Total body water (TBW) was measured by deuterium oxide ( 2 H 2 O) dilution. A 10 ml fasting venous blood sample was taken from the subject immediately before, and 2 h after, the oral administration of 10 g of 2 H 2 O (99.8%, Australian Nuclear Science and Technology Organisation, Lucas Heights, NSW, Australia). The 2 h equilibration period was based on the recommendation of Lukaski and Johnson 29 
and has
Leptin and BMR in older people MJ Soares et al been supported by other workers as well. 30, 31 Blood samples were centrifuged at 4 C for 10 min and plasma was separated and frozen at À20 C until nuclear magnetic resonance (NMR) analysis was performed as earlier described by us. 17 Total body water was given by the relationship,
In ®ve subjects plasma samples (both pre-dose and 2 h post-dose) were analysed by nuclear magnetic resonance (NMR) in triplicate. There were no signi®cant differences between the three estimates of TBW in each of the ®ve subjects on an analysis of variance for repeated measures, with a within-sample coef®cient of variation of 1.96%. 17 In three out of the four subgroups studied (n 57), estimates of fat-free mass based on DEXA (FFM DEXA ) were also available. The technique and protocol of measurement of DEXA-derived body composition has been detailed elsewhere. 17 Using FFM DEXA as a reference, the hydration coef®cients were 0.734 AE 0.007, 0.731AE 0.009 and 0.725AE 0.015 for young men, older women and older men, respectively. These values were not signi®cantly different from the assumed value of 0.732 for each group and complement similar results in young women as well. 17 Hence, fat-free mass (FFM) was estimated from TBW assuming a hydration of 73.2%. FM was calculated from the difference of body weight and FFM and also expressed as a percentage of body weight.
Leptin assay
Fasting plasma leptin concentrations were measured by radioimmunoassay (Linco Research, MO, USA). The limit of sensitivity for the leptin assay is 0.5 ngaml and the intra-assay coef®cient of variability is 5%. 32 
Statistical analysis
Data are reported as mean AE s.e.m. Plasma leptin was logarithmically transformed (natural log) and tested for normality prior to statistical analysis using SPSS version 8.0 (SPSS Inc., IL, USA). A two-way ANOVA with an interaction term was used to establish differences between age and gender groups studied. Associations between the natural log of leptin, body composition and BMR were tested using simple and partial correlation coef®cients. Multiple regression was used to relate leptin and BMR to independent predictor variables. Statistical signi®cance was accepted at the 5% level. Table 1 shows the anthropometry and body composition data of the subjects. There were no differences in body weight but older subjects had higher FM, BF% and WHR. FFM and absolute BMR were signi®cantly lower in the older subjects. There were gender differences in absolute leptin with a signi®cant genderÂ age group interaction, but differences in leptin between age groups did not attain statistical signi®cance (P`0.07). There were no differences in RQ between gender and age groups.
Results
Bivariate and partial correlations between the natural log of leptin with age, gender and indices of body fat are given in Table 2 . Adjusted for waist circumference, leptin was negatively related to age group in women ( Table 2) . Similar results were obtained if FM was used instead of waist circumference (r À0.36, P`0.05). In men, age group was unrelated to leptin adjusted for BF% (Table 2) or FM (r 0.10, P 0.51). Using multiple regression, we modelled BF%, gender, age group and genderÂage-group interaction into an equation to predict leptin. Since all variables entered were signi®cant independent predictors of leptin (Table 3A) , we retained them in the equation at step 1. We next tested other potential predictors of leptin in a stepwise manner. The ®nal model indicated that the variance in leptin was best explained by the following equation:
r 0.75, r 2 0.56, SEE=0.73 ngaml.
Standardized residuals had a mean of zero, and when plotted against the standardized predicted value, appeared as a horizontal band with no trend. On examination of the standardized residuals for each gender and age group, similar results were obtained. If age (in years) was used in lieu of age group, the same set of variables as in Eqn (2) Partial correlation analysis using the entire data set did not a support a relationship either between adjusted leptin and BMR or between adjusted leptin and RQ. Similar results were obtained when each sub-group was studied separately, except in older men, where leptin was inversely related to RQ (r À0.67, P`0.05), when data was controlled for BF%, WHR and FFM. In older men leptin was also related to RQ when controlled for BF%, WHR and basal O 2 consumption (r À0.64, P`0.05). Gender (0 women, 1 men); age-group (0 young, 1 older); FFM fat free mass; FM fat mass; BF% body fat (% weight).
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Discussion
Changes in leptin with age
Previous studies examining the role of leptin in the changes in body composition associated with ageing, have been inconclusive. While some document a decrease in leptin with age, 11,12 others do not. 13, 14 Older individuals would be expected to have higher absolute leptin levels, since they have higher amounts of body fat. This trend was observed in Table 1 , but statistical signi®cance was not reached. Interestingly the analysis revealed a signi®cant genderÂ age group interaction. Partial correlation analyses supported these observations since adjusted leptin was inversely correlated with age group in women, but not in men ( Table 2 ). Further con®rmation was obtained by multiple regression where gender, age group and their interaction contributed signi®cantly to variance in leptin (Table 3A) . The use of age instead of age group did not alter the model represented by eqn (2) (data not shown). These results complement other data that show an increase in leptin concentrations in older men, with a decrease in older women. 16 Alterations in the distribution of body fat are part of the ageing process, 33 and changes in hip and waist circumferences have been shown to in¯uence leptin concentrations. 34, 35 Our ®nal regression model indicates that, even after the in¯uence of BF%, age and gender are accounted for, an android distribution of body fat is signi®cantly associated with leptin levels (eqn (2)). The intriguing question raised by this study and that of Baumgartner et al 16 is whether an attenuation, or even reversal, of the gender difference is a plausible consequence of ageing.
Gender differences in leptin and ageing
Gender differences in leptin, with higher levels in females compared to males, are evident during adolescence. 36 Prevailing levels of sex steroid hormones are instrumental in establishing this difference in leptin, 37, 38 since cross-sex hormone therapy reverses gender differences in circulating leptin. 39 Hence agerelated alterations in circulating sex steroid could be expected to in¯uence leptin concentrations. Ageing in males is associated with a decrease in testosterone levels. This is a consistent observation from both cross-sectional and longitudinal studies. 40 Moreover age-related changes in leptin and testosterone are inversely associated 40 and treatment with testosterone lowers the high leptin concentrations in elderly hypogonadal men. 41, 42 The latter effects occur despite increases in oestradiol. 42 In women ageing is associated with a dramatic fall in oestrogens, and with a change to an android pattern of body fat distribution. 33 Increases in WHR of women are directly related to free and total testosterone levels, possible through a negative effect on sex hormone binding globulin. 43 While some post-menopausal women have lower leptin concentrations compared to pre-menopausal women, 44 neither exogenous nor endogenous estrogens appear to alter leptin levels. 45 Overall the evidence would suggest that, relative to oestrogen, testosterone has a major role in the age-related change in leptin. These data provide a mechanism for our observations that there was a genderÂ age group interaction in circulating leptin levels. Such an interaction could result in an attentuation or even reversal of the gender bias in leptin concentrations of older individuals.
Age-related change in energy expenditure and its association with leptin A reduction in BMR with age is a consistent observation 17 ± 19 and was seen in the comparison of young and older subject in this analysis. Older individuals are expected to have a higher fasting RQ compared to the young, 8 with values for older women greater than older men. 20 However like Melanson et al, 10 we found no differences in fasting RQ between young and older subjects. A high fasting RQ 46, 47 and low BMR are independent risk factors for weight gain. 5, 6 Since leptin can increase fat oxidation and energy expenditure, 21, 22, 48 we examined the possibility that circulating leptin could be independently related to BMR and RQ. In the present study, we could not demonstrate any association between leptin and BMR within the total sample, nor within each sub-group. Others 49 ± 51 have also noted the lack of correlation between leptin and energy expenditure. Perhaps the use of free rather than total leptin levels would increase the likelihood of signi®cant associations between leptin and EE. Tuominen et al 52 have, however, suggested that for plasma leptin concentrations to be signi®cantly related to EE, prior stimulation of EE was required. In other words, circulating leptin responded to a change in energy¯ux. Rosenbaum et al 53 studied subjects during active weight gain (and weight loss) when both EE and leptin increased (and decreased). Net alterations in plasma leptin concentrations were, however, unrelated to net alterations in EE. In the present study lower leptin accompanied a lower BMR, but there was no relationship between the two variables.
The only signi®cant association we found was that between RQ and leptin in older men. Factors that potentially in¯uence RQ would include age, gender, ethnicity, body composition (both fat and fat-free mass), dietary macronutrient composition (acute and chronic), energy balance and physical activity status. All subjects studied were free-living Australians of European origin who were considered healthy at the time of recruitment based on a medical history and clinical examination. Subjects were weight stable for at least 6 months preceding the study. There were no differences in physical activity levels (PAL) between age and gender groups in a subset of these individuals, 17 with activity levels ranging between sedentary and moderately active. These data would tend to exclude variations in health status, ethnicity, energy Leptin and BMR in older people MJ Soares et al balance and physical activity as potential confounders. Our data on free-living subjects show a day-to-day coef®cient (CV), (intra-individual) in fasting RQ of 2.1%. This is signi®cantly less than variations in freeliving energy and macronutrient intakes, which show a CV (intra-individual) greater than 25%. 54 Hence there is no reason to expect day-to-day (acute) variations in food quotient (FQ) to be accompanied by equivalent excursions in day-to-day RQ. However, a sustained perturbation in FQ will in¯uence RQ 55 and impinge on energy balance. 56 We have no reason to suspect that these subjects had changed their habitual macronutrient intake or altered their level of activity prior to their participation in this cross sectional study.
We have found that leptin is in¯uenced by the amount and distribution of body fat, by age, gender and their interaction. On accounting for these and other covariates there was no relationship between leptin and RQ. However, partial correlation analysis for each sub-group studied, showed that in older men leptin was inversely related to RQ (r À0.67, P 0.033), even after controlling for %BF, WHR and FFM. This relationship persisted if we used basal O 2 consumption instead of FFM in the above analysis. Leptin's stimulatory action on fat oxidation has been documented. 22, 48 It remains to be con®rmed whether these data represent a gender-speci®c effect of leptin on substrate utilization, and whether such differences contribute to the gender-speci®c response of older obese to hypocaloric diets. 57 There is emerging evidence that leptin's effect on energy metabolism is mediated centrally, 58 with hypothalamic neuropeptide Y (NPY), one of several targets for leptin action. 59 Leptin administration has an inhibitory effect on NPY gene expression and secretion in the hypothalamus. 60, 61 Conversely, reductions in circulating leptin, either through fasting or genetic de®ciency, increase NPY gene transcription in the arcuate nucleus. 62 An increase in NPY levels reduces energy expenditure. 63 These observations provide a mechanistic framework for the observations of a lower leptin and a lower BMR in older women.
In summary, we have demonstrated that older women, but not older men, have lower circulating leptin concentrations relative to the young. While reductions in BMR in both older groups could be demonstrated, they did not correlate with the agerelated differences in leptin. Interestingly, the signi®-cant relationship of leptin to fasting RQ only in older men may re¯ect a gender-speci®c effect in older people. The latter observation and the ®ndings of lower circulating leptin levels suggest that older women are at a greater risk of gaining body fat, relative to older men.
